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To elucidate the mechanisms underlying the projection of dorsal root ganglion (DRG) axons into the dorsal root entry zone
in the dorsolateral region of the spinal cord, we examined tissue interactions which affect neurite outgrowth from DRG. We
cultured explants or dissociated cells of DRG from embryonic day 4 (E4) chick embryos in combination with E3 spinal cord,
notochord, and dermomyotome in three-dimensional collagen gels. The ventral spinal cord, notochord, and dermomyo-
tome, which are located close to the initial projection pathway of DRG but do not receive direct innervation, strongly
inhibited DRG neurite outgrowth and repelled DRG neurites. These inhibitory/repulsive cues appear diffusible in nature,
because this activity was observed in the absence of direct contacts between tissue explants and DRG neurites.
Furthermore, in heterochronic cultures, E9 DRG lost its responsiveness to inhibitory/repulsive factors from E3 ventral
spinal cord, while retaining responsiveness to E3 notochord and dermomyotome, suggesting that the E3 ventral spinal cord
may secrete a different inhibitory/repulsive signal than notochord and dermomyotome. Putative inhibitory/repulsive
signals secreted from tissues along the axonal pathway may serve to guide growing DRG axons to the dorsal root entry
zone. © 1998 Academic Press
Key Words: primary afferent fibers; pathway formation; target recognition; repellent; collagen gel culture; chick embryo.
INTRODUCTION
Neurons in the dorsal1 root ganglion (DRG) exhibit ste-
reotyped projections into the dorsolateral portion of the
spinal cord (the ‘‘dorsal root entry zone’’) (Windle and
Baxter, 1936; Mirnics and Koerber, 1995; Ozaki and Snider,
1997). After entering the spinal cord in the dorsal root entry
zone, DRG axons change their trajectory to a longitudinal
path in the presumptive dorsal funiculus (oval bundle of
His) and innervate specific target neurons in the gray matter
of the spinal cord and brainstem nuclei. When the neural
tube is rotated along the dorsoventral axis before the
formation of DRG, DRG axons still project to the original
dorsal root entry zone (Tanaka et al., 1990; Stern et al.,
1991; Shiga and Oppenheim, unpublished observation).
These in ovo manipulations suggest that interactions be-
tween DRG axons and the spinal cord may play a crucial
role in guiding DRG axons to the dorsal root entry zone,
although the exact guidance mechanisms are largely un-
known.
Organotypic coculture studies have implicated inhibitory
or repulsive mechanisms in shaping the DRG axonal pro-
jection to the spinal cord (Peterson and Crain, 1982; Smal-
heiser et al., 1982; Fitzgerald et al. 1993; Keynes et al.,
1997). DRG neurites of embryonic day (E)13–14 mouse
embryos selectively avoid ventral spinal cord explants,
whereas these neurites readily enter dorsal spinal cord
explants and make terminal arborizations (Peterson and
Crain, 1982; Smalheiser et al., 1982). Fitzgerald et al. (1993)
also reported that ventral spinal cord explants from E14–
E15 rat embryos secrete a diffusible inhibitory factor for
DRG neurite outgrowth. Such repulsive or inhibitory fac-
tors derived from the ventral spinal cord may regulate the
timing of the ingrowth of DRG axons from the dorsal
funiculus into the spinal gray matter and/or the patterning
of DRG axons to their specific targets in the gray matter,
because DRG axons at these developmental stages have
already entered the spinal cord and have begun to penetrate
the gray matter (Mirnics and Koerber, 1995; Wright et al.,
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1995; Ozaki and Snider, 1997). Collapsin-1/semaphorin-
III/D seems to be responsible for these activities in the
ventral spinal cord, because it is expressed in the developing
ventral spinal cord and acts to cause collapse of DRG
growth cones and to repel growing DRG neurites (Luo et al.,
1993, 1995; Fan and Raper, 1995; Messersmith et al., 1995;
Pu¨schel et al., 1995, 1996; Wright et al., 1995; Giger et al.,
1996; Shepherd et al., 1996, 1997). More recently, tissues
surrounding the DRG such as the dermomyotome/surface
ectoderm and notochord have also been shown to have
repulsive activities on DRG neurites (Keynes et al., 1997).
To elucidate the mechanisms regulating the projection of
DRG axons into the spinal cord, we examined tissue
interactions which affect growing DRG neurites. We show
here that ventral spinal cord, notochord, and dermomyo-
tome, none of which are targets for early developing DRG
axons, both inhibited neurite outgrowth from DRG and
repelled DRG neurites.
Part of the present study has been published in abstract
form (Shiga and Nakamoto, 1996).
MATERIALS AND METHODS
Dissection of Chick Embryos
White Leghorn chick embryos ranging from E2 to E9 were used
in the present study. After being placed in cold Tyrode’s solution,
DRG and neighboring tissues were dissected out from embryos.
DRG were removed from E4 (stage 23–24 of Hamburger and
Hamilton, 1951) and E9 (stage 35) embryos after evisceration.
Whole spinal cord, dorsal half of the spinal cord (roof and alar
plates), ventral half of the spinal cord (basal and floor plates), and
notochord were isolated from E2 (stage 13–14) and E3 (stage 18–19)
embryos. Dermomyotome was dissected from E3 (stage 18–19)
embryos. The notochord and dermomyotome were treated with 0.5
mg/ml dispase (Boehringer-Mannheim) in Ca21,Mg21-free Hanks’
balanced salt solution (CMF-HBSS, Celox) to remove surrounding
tissues. All the tissues were excised from thoracic segments using
tungsten needles. For dissociated cell cultures, E4 DRG were
dissected out and placed in CMF-HBSS. After incubation with 0.1%
trypsin (Celox) in CMF-HBSS for 5 min at 38°C, the DRG was
dissociated by trituration. Approximately 1 3 104 DRG cells were
plated on each culture dish. The protocols used for embryo ma-
nipulation were approved by our institution’s Animal Care Com-
mittee.
Explant and Dissociated Cell Culture of DRG in
Collagen Gel
Whole DRG were embedded approximately 200–400 mm distant
from tissue explants of spinal cord, notochord, or dermomyotome
in a collagen gel matrix which contains 8 parts of rat tail collagen,
1 part of 103 HBSS (Sigma), and 1 part of 0.14 N NaOH/0.26 M
NaHCO3 in a 35-mm tissue culture dish (Sumilon). Similarly,
dissociated DRG cells were plated around the tissue explants in a
collagen gel matrix. The cultures were placed in a 5% CO2
incubator at 38°C to allow the collagen to gel. After 30 min, 0.6 ml
of the medium containing 10% heat-inactivated fetal calf serum
(Gibco) in Dulbecco’s minimum essential medium (DMEM, Celox)
was added. In most experiments, both 50 ng/ml 7S nerve growth
factor (NGF, Chemicon) and 50 ng/ml NT-3 (Pepro Tech) were
supplemented in the culture medium, although in some experi-
ments either NGF or NT-3 were supplied. Similar results were
obtained, independent of the trophic factors supplemented. Ex-
plants or dissociated DRG were cocultured in the following com-
binations: (a) E4 DRG explant/E3 spinal cord with notochord; (b) E4
DRG explant/E3 dorsal spinal cord, ventral spinal cord, notochord,
or dermomyotome; (c) E4 dissociated DRG/E3 dorsal spinal cord,
ventral spinal cord, notochord, or dermomyotome; (d) E4 DRG
explant/E2 spinal cord or notochord; and (e) E9 DRG explant/E3
dorsal spinal cord, ventral spinal cord, notochord, or dermomyo-
tome.
Immunohistochemistry
After 24–36 h in vitro, cultures were fixed overnight with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB). Collagen gels
containing tissue explants were excised and processed for whole-
mount immunohistochemistry. After several rinses with PB, cul-
tures were incubated for 30 min in a blocking solution which
contains 5% normal goat serum, 1% bovine serum albumin, and
0.1% Triton X-100 in PB. The cultures were incubated overnight
with the polyclonal anti-SC2/axonin-1 antibody which has been
shown to stain DRG axons (Tanaka and Obata, 1984; Sakurai et al.,
1994), then with a biotinylated secondary anti-rabbit IgG antibody
(Vector) for 4–5 h, followed by the peroxidase-conjugated avidin–
biotin complex (Vector) for 2–3 h. In some cases, anti-b-tubulin
(Yaginuma et al., 1990) and anti-Islet-1 antibodies (Developmental
Studies Hybridoma Bank, 40.2D6; Ericson et al., 1992) were used as
the primary antibodies to label axons and cells in the dorsal spinal
cord, respectively. All incubations were performed at room tem-
perature with agitation.
Analysis of Neurite Outgrowth
After staining with the anti-SC2/axonin-1 antibody, the length
and trajectory of neurites from DRG explants and dissociated DRG
neurons were traced using a camera-lucida. The neurites from DRG
explants were grouped into four quadrants: proximal, distal, and
two lateral quadrants, and the lengths between the DRG boundary
and the growth cones of the five longest neurites in the proximal
and distal quadrants were measured (Lumsden and Davies, 1983).
The neurites from dissociated DRG neurons located 0–300 mm and
900–1200 mm from the dorsal and ventral spinal cord, notochord,
and dermomyotome were placed into two groups: (1) a proximal
group of neurites growing toward the explant tissues and (2) a distal
group growing away from the explants. The neurite length and the
direction of neurite outgrowth were analyzed with ANOVA.
RESULTS
E4 DRG Extend Few Neurites toward E3 Ventral
Spinal Cord and Notochord
As a first step to examine mechanisms underlying the
guidance of DRG axons to the dorsal root entry zone, we
placed E4 (stage 23–24) thoracic DRG 200–400 mm distant
from E3 (stage 18–19) spinal cord with notochord in a
collagen gel matrix and cultured the tissues for 1 day. In
vivo, the earliest developing thoracic DRG neurons begin to
extend their axons toward the dorsal root entry zone at E3
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(around stage 18) and pioneer DRG axons invade the spinal
cord hours later, around stage 20–21. At these stages in
vivo, DRG neurons are dispersed and intermingled with the
anterior half of sclerotomal cells, making it difficult to
isolate DRG cells. In the present study, we used DRG at
stage 23–24, the earliest stage at which DRG could be
reliably dissected out, and were able to extend stable
neurites. After 1 day in culture with E3 spinal cord/
notochord, DRG extended profuse long neurites directed
away from the explant tissue, whereas few DRG neurites
projected toward the ventral spinal cord or notochord in all
10 explant cultures examined (Fig. 1). Some neurites were
observed to extend toward the dorsal spinal cord in 8 among
10 explant cultures, although only a few neurites were
observed in the remaining 2 cultures. These projection
patterns were similar to those occurring in vivo in that
DRG neurites project to the dorsal spinal cord but not to the
ventral spinal cord or notochord.
E3 Ventral Spinal Cord, Notochord, and
Dermomyotome Have Both Inhibitory and
Repulsive Influences on E4 DRG Neurites
To investigate tissue interactions affecting neurite out-
growth from E4 DRG in more detail, we cultured the DRG
with the dorsal half of the spinal cord (alar and roof plates)
which contains the dorsal root entry zone, the ventral half
of the spinal cord (basal and floor plates), the notochord, or
the dermomyotome. The dermomyotome adjoins the DRG
ventromedially but receives no sensory innervation at the
onset of DRG neuritogenesis.
When DRG was cultured for 1 day in proximity to
tissue explants of the ventral spinal cord, notochord, or
dermomyotome, fewer and shorter DRG neurites were
observed to extend toward these explants, whereas many
long DRG neurites extended away from them (Fig. 2).
Quantitative analysis of the neurite lengths growing
toward the tissue explants (p) versus away from them (d)
indicated that the ventral spinal cord, notochord, and
dermomyotome have marked inhibitory effects on neu-
rite outgrowth from DRG (Fig. 2E). The dorsal spinal cord
explants have much less, but still significant inhibitory
activity on DRG neurite outgrowth. By contrast, when
two DRG were placed next to one another and cultured
for 1 day, each DRG extended their neurites radially,
suggesting that the inhibitory effects on DRG neurite
outgrowth shown above are tissue specific (Fig. 2).
In longer-term 2- to 3-day cultures, DRG neurites
avoided explants of the ventral spinal cord, notochord,
and dermomyotome, whereas they entered the dorsal
spinal cord (data not shown). These observations suggest
that cues from the ventral spinal cord, notochord, and
dermomyotome have a repellent activity, thereby reori-
enting DRG neurites.
We also examined whether inhibitory/repulsive cues
are contact mediated or diffusible in nature. When cul-
tured in collagen for 1–3 days, a few neurites extended
from both the dorsal and ventral spinal cord, while
spindle-shaped cells were sometimes observed to migrate
from the dermomyotome and the notochord. Both No-
marski microscopy and immunostaining using anti-b-
tubulin antibody, which stains axons in both the central
and peripheral nervous system, revealed that the ventral
spinal cord, notochord, and dermomyotome exerted the
inhibitory/repulsive effects even in the absence of direct
contacts with DRG neurites (data not shown). It is,
therefore, likely that inhibitory/repulsive effects are me-
diated by diffusible factors.
We expected that the dorsal spinal cord, including the
dorsal root entry zone, would have chemoattractive ac-
tivity for DRG neurites. On the contrary, the dorsal
spinal cord showed weak inhibitory effects on DRG
neurite outgrowth. To test whether the absence of an
attractive activity is due to the loss of viability of dorsal
spinal tissues under the present culture condition, we
examined cells in the dorsal spinal cord cultured for 1
day. Plastic sections stained with toluidine blue showed
a few pyknotic cells in dorsal spinal cord explants (Fig. 3).
Moreover, immunohistochemical observations revealed
the presence of Islet-1 immunoreactive cells in the dorsal
spinal cord explant which line the dorsal root entry zone
in vivo (Ericson et al., 1992; Shiga and Oppenheim,
unpublished observation). Therefore, it is unlikely that
dorsal spinal cord explants were less viable under our
culture conditions.
FIG. 1. When stage 23–24 (E4) DRG were cultured in combination
with stage 18–19 (E3) spinal cord (SC) and notochord (NC) in a
collagen gel matrix for 1 day, some neurites extended toward the
dorsal spinal cord, whereas few neurites extended toward the
ventral spinal cord or notochord. The inhibitory/repulsive activity
from the ventral spinal cord or notochord was observed in 8 among
10 explant cultures. Anti-SC2/axonin-1 staining. Scale bar: 150
mm.
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FIG. 2. E4 DRG was cocultured in a collagen gel for 1 day with E3 dorsal spinal cord (A), ventral spinal cord (B), notochord (C), and
dermomyotome (D). Quantitative analysis (E) of the length of neurites growing toward the explants (p) vs away from the explants (d) shows
strong inhibitory activity for DRG neurite outgrowth by the ventral spinal cord, notochord, and dermomyotome and weak inhibitory
activity by the dorsal spinal cord. The bars represent means 1 SD, and the number of the cultures is shown in the bar. *P , 0.01, **P ,
0.0001. Anti-SC2/axonin-1 staining. Scale bar: 200 mm.
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E3 Ventral Spinal Cord, Notochord, and
Dermomyotome Affect Both Neurite Length and
the Direction of Neurite Extension from
Dissociated DRG Neurons
To characterize in more detail the putative diffusible
factors described above, we cultured dissociated E4 DRG
neurons plated around explants of dorsal and ventral spinal
cord, notochord, and dermomyotome from E3 embryos. In
these cultures, neurite interactions such as fasciculation
and contact guidance were absent and thus direct effects of
diffusible factors on DRG neurites could be examined.
Most DRG neurons extended unipolar neurites as has
been reported previously (Fig. 4; Shiga et al., 1997). We first
examined the length of DRG neurites (Fig. 4E) and only
included neurons which were not aggregated and that had
neurite lengths greater than the diameter of the cell body.
The neurite lengths of dissociated DRG neurons varied to
some extent among cultures even in the same experimental
group (e.g., group of DRGs cultured with notochord). There-
fore, we normalized the neurite length in each culture by
comparing the neurite length with that of DRG neurons
located 0–300 mm from the dorsal spinal cord. DRG neu-
rons located 0–300 mm from the dorsal spinal cord explants
extended the longest neurites (Fig. 4E). When DRG neurite
length was compared between neurons located 0–300 and
900–1200 mm from the explants, neurite length was signifi-
cantly shorter in the group located 900–1200 mm from the
dorsal spinal cord (P , 0.05), whereas it was significantly
longer in the group located 900–1200 mm from the ventral
spinal cord, notochord, and dermomyotome (P , 0.05, 0.01,
and 0.01, respectively), suggesting that the dorsal spinal
cord has a facilitatory activity on DRG neurite outgrowth
and that the ventral spinal cord, notochord, and dermomyo-
tome have an inhibitory activity.
We then examined the direction of DRG neurite exten-
sion. In neurons located 900–1200 mm from the dorsal and
ventral spinal cord, notochord, and dermomyotome, similar
numbers of DRG neurons extended their neurites toward
and away from the explants (Fig. 4F). By contrast, more
DRG neurons extended their neurites away from the ex-
plants when located 0–300 mm from the dorsal and ventral
spinal cord, notochord, and dermomyotome (P , 0.001,
0.0001, 0.0001, and 0.0001, respectively), suggesting that
these tissues have a repulsive activity on DRG neurites.
E2 Notochord but Not E2 Spinal Cord Inhibits
Neurite Outgrowth from E4 DRG
To examine whether the ventral spinal cord and noto-
chord secrete inhibitory/repulsive factors even before the
onset of DRG neuritogenesis, we cocultured E4 DRG with
either spinal cord or notochord from E2 (stage 13–14)
embryos. We did not examine the effects of the dermomyo-
tome, because dermomyotome is not yet differentiated
from the somite at this stage. In these cocultures, DRG
extended significantly shorter neurites toward E2 noto-
chord, whereas active neurite outgrowth was observed to be
directed away from notochord (Fig. 5). By contrast, DRG
neurites elongated radially in cocultures with the spinal
cord (Fig. 5). These results suggest that notochord but not
spinal cord acquires inhibitory/repulsive activities for DRG
neurite outgrowth by stage 13–14, well before the onset of
DRG neuritogenesis.
DRG Neurites Lose Responsiveness to Inhibitory/
Repulsive Cues from the Ventral Spinal Cord with
Maturation
To examine whether DRG neurites continue to re-
spond to inhibitory/repulsive factors with maturation,
we cocultured older (E9) DRG with E3 dorsal spinal cord,
ventral spinal cord, notochord, or dermomyotome (Fig. 6).
When cocultured with E3 dorsal or ventral spinal cord
explants, E9 DRG extended neurites radially. Even a
combination of four explants of E3 ventral spinal cord did
not affect DRG neurite outgrowth. By contrast, in cocul-
tures with E3 notochord and dermomyotome, neurite
outgrowth from E9 DRG was reduced on the side facing
the explants (Fig. 6). These effects of the ventral spinal
cord, notochord, and dermomyotome were not dependent
on neurotrophins, because similar effects were observed
in the presence of either NT-3 or NGF or both in the
culture medium.
DISCUSSION
In the present study, we have examined tissue interac-
tions affecting DRG neurite outgrowth during the pathway
formation from DRG to the dorsal root entry zone of the
spinal cord. The major findings are that (1) E3 ventral spinal
cord, notochord, and dermomyotome secreted a diffusible
inhibitor/repellent for neurite outgrowth from both E4
DRG explants and dissociated DRG neurons; (2) E3 dorsal
spinal cord promoted neurite outgrowth from E4 dissoci-
FIG. 3. When E3 dorsal spinal cord was cultured in a collagen gel
for 1 day, a few pyknotic cells (arrows in A) were observed, while
Islet-1 positive cells (arrows in B) appeared in the explant as in vivo.
(A) Toluidin blue staining, (B) anti-Islet-1 staining. Scale bars: 50
mm (A) and 100 mm (B).
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FIG. 4. Dissociated E4 DRG neurons extended unipolar neurites when cultured in a collagen gel for 1 day. Examples of DRG neurons
located 0–300 mm from E3 dorsal spinal cord (A), ventral spinal cord (B), notochord (C), or dermomyotome (D). Right side of A–D is toward
the explants. Anti-SC2/axonin-1 staining. Scale bar: 100 mm. In E, DRG neurite lengths in each culture are normalized by comparing the
neurite length of DRG in each group with that of DRG located 0–300 mm from the dorsal spinal cord. When the DRG neurite lengths are
compared between neurons located 0–300 and 900–1200 mm from the explant tissues, DRG extended longer neurites 0–300 mm from the
dorsal spinal cord, whereas they extended shorter neurites 0–300 mm from the ventral spinal cord, notochord, and dermomyotome. The bars
represent means 1 SD. The number of the cultures is shown in the bar, and 30–40 DRG neurites were examined in each culture. When
the numbers of DRG neurites elongating toward the explants (p) vs away from them (d) were compared between 0–300 and 900–1200 mm
from the explant tissues (F), more DRG extended their neurites away from the dorsal spinal cord, ventral spinal cord, notochord, and
dermomyotome when located 0–300 mm from the explants. The bars represent means 1 SD. The number of the cultures is shown in the
bar, and 30–40 DRG neurites were examined in each culture.
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ated DRG neurons but inhibited neurite outgrowth from E4
DRG explants; (3) the notochord, but not spinal cord,
acquired inhibitory/repulsive activity by E2; and (4) the
responsiveness of DRG changed with development in that
E9 DRG lost its responsiveness to inhibitory/repulsive cues
from E3 ventral spinal cord. Because ventral spinal cord,
notochord, and dermomyotome do not receive direct inner-
vation from DRG during the initial stages of their projec-
tion, inhibitory/repulsive cues released from these tissues
may act to limit growing DRG axons to their normal
pathway in vivo.
Ventral Spinal Cord Secretes an Inhibitory/
Repulsive Factor for DRG Neurite Outgrowth
Organotypic cocultures in collagen gels have shown
that the ventral spinal cord secretes an inhibitory or
repulsive factor for DRG neurite outgrowth (Peterson and
Crain, 1982; Fitzgerald et al., 1993; Keynes et al., 1997).
Peterson and Crain (1982) and Fitzgerald et al. (1993)
demonstrated that ventral spinal cord of E13–E14 mouse
embryos and E14 –E15 rat embryos has a repulsive or
inhibitory effect on DRG neurite outgrowth. Because
DRG axons have already entered the spinal cord and have
begun to penetrate the spinal gray matter at these devel-
opmental stages (Mirnics and Koerber, 1995; Wright et
al., 1995; Ozaki and Snider, 1997), the inhibitory/
repulsive factor in the ventral spinal cord shown by these
studies may serve to regulate the ingrowth and/or pat-
terning of DRG axons to their specific target regions in
the gray matter. By contrast, the present results indicated
that ventral spinal cord has an inhibitory/repulsive activ-
ity for DRG neurites already at the initial stages of their
projection from DRG to the dorsal root entry zone,
suggesting that the ventral spinal cord may also regulate
earlier aspects of the projection from DRG to the dorsal
root entry zone by inhibiting innervation of the ventral
spinal cord.
Our results also indicate that the ventral spinal cord has
a strong inhibitory/repulsive activity for neurite outgrowth
from both DRG explants and dissociated DRG neurons
similar to that of notochord and dermomyotome. Keynes et
al. (1997) examined the effects of similar early stage (stage
17–19) ventral spinal cord explants (basal plate/floor plate)
on DRG neurite outgrowth and showed that the basal
plate/floor plate is devoid of repulsive activity when the
basal plate is facing stage 28 DRG, whereas it has weak
repulsive activity when the floor plate is facing the DRG.
Our results indicate that ventral spinal cord has inhibitory/
repulsive activity on stage 23–24 DRG, irrespective of their
orientation. The discrepancy may derive from the different
stages of DRG used in the two studies since as we report
here the DRG become less responsive to inhibitory/
repulsive cues from the ventral spinal cord with matura-
tion.
FIG. 5. E4 DRG was cocultured in a collagen gel for 1 day with stage
13–14 (E2) spinal cord (A) and E2 notochord (B). Dorsal side of the
spinal cord is toward the top of Fig. 5A. Quantitative analysis (C) of
the length of neurites growing toward the explants (p) vs away from
the explants (d) shows inhibitory activity for DRG neurite outgrowth
from notochord but not spinal cord. The bars represent means 1 SD,
and the number of the cultures is shown in the bar. *P , 0.0001.
Anti-SC2/axonin-1 staining. Scale bar: 200 mm.
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FIG. 6. E9 DRG was cocultured with E3 dorsal spinal cord (A), ventral spinal cord (B), notochord (C), or dermomyotome (D). Quantitative
analysis (E) of the length of neurites growing toward the explants (p) vs away from the explants (d) shows strong inhibitory activity for DRG
neurite outgrowth from the notochord and dermomyotome, but not from the dorsal spinal cord, ventral spinal cord, or a combination of
four ventral spinal cords. The bars represent means 1 SD, and the number of the cultures is shown in the bar. *P , 0.0001.
Anti-SC2/axonin-1 staining. Scale bar: 300 mm.
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Notochord and Dermomyotome Secrete an
Inhibitory/Repulsive Factor for DRG Neurite
Outgrowth
Keynes et al. (1997) have recently reported that noto-
chord and dermomyotome have a repulsive action on
DRG neurites. In the present study, using both DRG
explants and dissociated DRG neurons, we confirmed the
repulsive activity of the notochord and dermomyotome
and have further shown that these tissues secrete an
inhibitory factor regulating neurite length. Tosney and
Oakley (1990) also observed following rotation of the
neural tube of chick embryos in ovo that the perinoto-
chordal mesenchyme acts as a barrier for elongation of
spinal motor and sensory DRG axons. In their experi-
ments, ablation of the notochord resulted in the loss of
this barrier activity of the perinotochordal mesenchyme
for motor axons, indicating that notochord plays a crucial
role in this activity. In vitro studies have found that the
notochord itself regulates the outgrowth of DRG neurites
(Keynes et al., 1997; present study). Taken together, these
data suggest that the notochord plays an important role
in the pathway formation of both spinal motor axons and
sensory DRG axons.
Although the dermomyotome does not receive inner-
vation from DRG at E3, their derivatives, dermis and
muscles, receive DRG innervation at later developmental
stages. Honig and Zou (1995) showed that dermis and
muscle from stage 26 and 28 (E5–E6) chick embryos
release a diffusible factor which enhances DRG neurite
outgrowth in collagen gel cultures. Therefore, the dermo-
myotome appears to secrete an inhibitory/repulsive cue
only transiently, which may act to prevent precocious
innervation from the DRG.
Dorsal Spinal Cord May Affect DRG Neurite
Outgrowth
Although the inhibitory/repulsive cue in the ventral
spinal cord, notochord, and dermomyotome may guide
bipolar growth of DRG axons by restricting the pathway
by a ‘‘surround repulsion’’ mechanism, as proposed by
Keynes et al. (1997), other factors seem to be needed for
the precise projection to the spinal cord. When the
topographic relation of the ventral spinal cord, noto-
chord, and dermomyotome to the DRG is perturbed by
rotating the neural tube along the dorsoventral axis
before the formation of DRG, DRG axons can still
recognize the original dorsal root entry zone (Stern et al.,
1991; Shiga and Oppenheim, unpublished observation).
These results strongly suggest the involvement of other
factors such as a chemoattractant from the dorsal root
entry zone and/or local factors in the pathway. Our
results are inconclusive regarding a chemoattractant
from the dorsal spinal cord. We observed that neurite
outgrowth from dissociated DRG neurons was promoted
by the dorsal spinal cord. By contrast, neurite outgrowth
from DRG explants was inhibited weakly but signifi-
cantly by the dorsal spinal cord. Although further studies
are needed to clarify the putative roles of the dorsal spinal
cord on neurite outgrowth from DRG, these opposing
effects might indicate the relative contribution and in-
teractions of signals from the dorsal spinal cord, DRG
neurites, and collagen matrix. We also failed to detect an
attractive activity in the dorsal spinal cord for either
dissociated neurons or explants of DRG. Therefore, the
role of the dorsal spinal cord in the projection of DRG
axons into the dorsal root entry zone remains unclear.
Molecular Mechanisms Regulating DRG
Projections
We observed that E9 DRG lose their responsiveness to
inhibitory/repulsive cues from E3 ventral spinal cord, while
retaining the ability to cue from E3 notochord and dermo-
myotome, suggesting that ventral spinal cord may secrete
different inhibitory/repulsive cues than the notochord and
dermomyotome. Several candidate molecules that have
inhibitory/repulsive activity are expressed in these tissues.
Collapsin-1/semaphorin-III/D has been shown to induce
the collapse of DRG growth cones and to repel DRG
neurites (Luo et al., 1993, 1995; Fan and Raper, 1995;
Messersmith et al., 1995; Pu¨schel et al., 1995, 1996; Shep-
herd et al., 1996, 1997). Collapsin-1 is expressed in the
dermomyotome of E3 chick embryos (Luo et al., 1995;
Shepherd et al., 1996), suggesting that this molecule may
mediate the inhibitory/repulsive signal in this tissue. In
mutant mice in which the semaphorin-III/D gene is deleted,
direct projections from the lateral side of the DRG to the
dermomyotome are observed, strongly suggesting that
semaphorin-III/D plays a crucial role by normally repelling
DRG axons from contacting the dermomyotome (Tanigu-
chi et al., 1997). The role of collapsin-1/semaphorin-III/D as
a dermomyotome-derived repellent is also supported by a
study of mutant mice which lack neuropilin, the putative
receptor for collapsin-1/semaphorin-III/D (Kitsukawa et al.,
1997).
In vitro studies have suggested that collapsin-1/
semaphorin-III/D in the ventral spinal cord may regulate
the ingrowth of DRG axons into the spinal gray matter as
well as their patterning in the gray matter (Messersmith et
al., 1995; Pu¨schel et al., 1995, 1996; Shepherd et al., 1997).
Because the ventral spinal cord begins to express collapsin-
1/semaphorin-III/D after DRG axons invade the gray matter
(Wright et al., 1995; Giger et al., 1996; Pu¨schel et al., 1996;
Shepherd et al., 1996), it is likely that molecules other than
collapsin-1/semaphorin-III/D are responsible for the
inhibitory/repulsive activity in E3 ventral spinal cord. In
mutant mice whose genes for semaphorin-III/D or neuropi-
lin are deleted, DRG axons enter the spinal cord normally
through the dorsal root entry zone (Behar et al., 1996;
Taniguchi et al., 1997; Kitsukawa et al., 1997), suggesting
that molecules other than collapsin-1/semaphorin III/D are
involved in the initial projection from DRG to the spinal
cord.
Netrins are expressed in the ventral spinal cord and
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notochord and have a repulsive activity for subgroups of
motor axons in the brainstem (Kennedy et al., 1994; Co-
lamarino et al., 1995; Varela-Echavarria et al., 1997). Al-
though netrin-1 is expressed in the E2 floor plate, we have
found that E2 spinal cord, including the floor plate, has no
effect on DRG neurite outgrowth. Therefore, it is unlikely
that netrin-1 is a chemorepellent for DRG neurites.
Chondroitin sulfate proteoglycans (CSPGs) have been
shown to have repulsive activity for DRG neurites (Fichard
et al., 1991). At E3 when DRG axons grow bilaterally
toward the spinal cord centrally and their peripheral targets,
CSPGs are distributed around the notochord (Oakley and
Tosney, 1991). However, CSPG does not appear to be
responsible for inhibition/repulsion by the notochord, be-
cause neither a neutralizing anti-CSPG antibody nor the
glycosylation inhibitor b-xyloside altered the repulsive ac-
tivity of the dermomyotome and notochord on DRG neu-
rites (Keynes et al., 1997).
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